A soluble aldehyde dehydrogenase (EC 1.2.1.3) was partially purified from Rhizobium japonicum bacteroids and from free-living R. japonicum 61A76. The enzyme was activated by NAD+, NADH, and dithiothreitol, and it reduced NAD(P)+. Acetaldehyde, propionaldehyde, butyraldehyde, benzaldehyde, and succinic semialdehyde were substrates. The Km for straight-chain aldehydes decreased with increasing carbon chain length. The aldehyde dehydrogenase was inhibited by 6-cyanopurine, but not by metronidazole. These compounds inhibited acetylene reduction, but not respiration, by isolated bacteroids.
Symbiotic nitrogen fixation is an energy-demanding process (14) , and the supply of photosynthate to the nodule may limit fixation. The carbon compounds which support bacteroid metabolism are not yet identified. Isolated bacteroids contain endogenous compounds which can be oxidized to provide reductant and ATP for nitrogenase. A variety of carbon compounds including organic acids, alcohols, and aldehydes can stimulate bacteroid nitrogenase activity and respiration (3, 9, 20, 28) . Mutants of Rhizobium trifolii defective in C4 dicarboxylic acid transport formed ineffective nodules (22) . This indicates an essential role for cytosol-produced C4 dicarboxylic acid(s) in nitrogen fixation. It is not known if other carbon compounds produced in the cytosol are essential.
Acetaldehyde and ethanol are present in soybean nodules, and the enzymes synthesizing them occur in the plant cytosol (S. Tajima and T. A. LaRue, Plant Physiol., in press). These compounds and other aldehydes and alcohols can support acetylene reduction by isolated Rhizobium japonicum bacteroids (20) . They might, therefore, represent a carbon source for N2 fixation. In the bacteroid, ethanol is presumably oxidized to acetaldehyde, and acetaldehyde to acetate (20) . The midpoint potentials of the ethanol-acetaldehyde and acetaldehyde-acetate couples at pH 7.0 are -197 and -586 mV, respectively (17) . These oxidations might be sources of the low-potential reductant needed for nitrogenase.
The oxidation of acetaldehyde in various organisms can be catalyzed by xanthine oxidase (EC 1 (29, 33) . The enzyme can reduce NAD+, presumably providing reductant for nitrogenase (33) . The bacteroid aldehyde dehydrogenase has been reported to oxidize indole aldehyde to indoleacetic acid (29) . The work reported here describes some properties of a soluble aldehyde dehydrogenase found in R. japonicum bacteroids and free-living R. japonicum 61A76.
To examine the metabolic role of the aldehyde dehydrogenase, two enzyme inhibitors, 6-cyanopurine (CNP) and metronidazole, were tested for effects on bacteroid acetylene reduction and respiration. CNP is an inhibitor of bacteroid aldehyde dehydrogenase (data presented herein). Metronidazole is an inhibitor of low-potential electron carriers (24) . It inhibits N2 fixation in Anabaena cylindrica (7, 27) , R. japonicum bacteroids (8) , and Rhodopseudomonas capsulata and Azotobacter vinelandii (15) .
Eastman Kodak Co., Rochester, N.Y. NTris(hydroxymethyl)methyl-3-propanesulfonic acid (TAPS) was from Calbiochem, La Jolla, Calif. Coenzyme A (CoA), malate dehydrogenase, citrate synthase, and acetyl-CoA synthetase were from Boehringer Mannheim Corp., Indianapolis, Ind.
Biological materials. Soybeans (Glycine max var. Wilkin) were inoculated and grown, the nodules were harvested, and bacteroids were prepared as described previously (20) , except that nodules were disrupted under N2 in a Waring blender. Nodules for enzyme preparations were frozen in liquid N2 and stored at -80°C. R. japonicum 61A76 was obtained from J. C. Burton, Nitragin Co., Milwaukee, Wis., and maintained on slants of yeast mannitol agar (0.5 g of K2HPO4, 0.2 g of MgSO4 * 7H20, 0.1 g of NaCl, 0.4 g of yeast extract, 15 g of agar, and 10 g of mannitol per liter, pH 6.9 [30] ). For liquid cultures, the same components were used (agar omitted) except that for some experiments, 0.1% n-butanol replaced 1% mannitol as the carbon source. Media were sterilized by autoclaving. Liquid cultures grew in 150 ml of medium in 250-ml flasks at 30°C and 120 rpm on a Gyrotory shaker (New Brunswick Scientific Co., New Brunswick, N.J.). Growth was monitored by the increase in absorbance at 580 nm.
Assays. Acetylene reduction by bacteroids was determined as described previously (20) , except that assay vials were made anaerobic with Ar by alternately evacuating and flushing with Ar. Oxygen consumption was measured with a Clark-type electrode in a 1.7-ml water-jacketed cell (20) .
Free-living bacteria were prepared and tested for acetylene reduction by a method similar to that used for bacteroids. Oxygen was flushed from cultures with Ar, and 2.5 ml of anaerobic medium was placed in 22-ml Ar-equilibrated serum vials. Measured volumes of acetylene and 02 were added. A series of 02 concentrations were used, ranging from 0 to 0.8 atm (0 to 81 kPa). The vials were shaken at 120 rpm at 23°C. Gas phase samples were removed, and acetylene reduction was measured as for bacteroids.
The effects of carbon substrates on respiration by free-living bacteria were examined. Cultures in the mid-log phase of growth were centrifuged, and the bacterial pellet was washed three times in bacteroid assay buffer (50 mM MOPS, 2.5 mM MgCl2, 1 mM KPO4 [pH 7.5, KOH]). The final pellet was suspended with the same buffer (5 ml per liter of the original culture medium). These steps were performed at 0 to 5°C. Oxygen consumption was measured as with bacteroids.
Aldehyde dehydrogenase (EC 1.2.1.3) was assayed by measuring the reduction of NAD' (Sigma type V) spectrophotometrically at 340 nm. The volume of the reaction mixture was 1.5 ml, and except where noted, the temperature was 23°C. The standard mixture contained 50 mM TES-KOH (pH 7.5), 1 mM NAD+, and 2 mM acetaldehyde. Addition of enzyme (usually 30 ,ul) initiated the reaction. Where NADP+ was used as the oxidizing substrate, its concentration was 1 mM. To study the effect of pH on enzyme activity, several buffers (MES, imidazole, TES, Tris, TAPS) were used. The pH of the buffers was adjusted with HCl or KOH, and KCl was added to give a final concentration of 100 mM K+.
CNP absorbs strongly at 340 nm and interferes with the standard assay. A fluorimetric assay for NADH was therefore modified for measurement of the effect of CNP on aldehyde dehydrogenase. NADH and CNP have similar fluorescence spectra. The fluorescence intensity (460 nm) of 2 mM CNP, however, was only about 15% of the intensity of 0.2 mM NADH with an excitation wavelength of 380 nm. The reduction of NAD+ in the presence of CNP was therefore measured with excitation at 380 nm and emission at 460 nm. Other assay conditions were those used for the spectrophotometric assay. For measuring other enzymes, the buffer and temperature were the same as for aldehyde dehydrogenase. Assays of alcohol dehydrogenase contained 2 mM acetaldehyde and 0.2 mM NADH. For other enzymes, standard assays were used. Glyceraldehyde-3-phosphate as the enzyme substrate was prepared from the diethylacetal barium salt by heat treatment in the presence of Dowex-50 (34) . The resin was washed several times with hot 6 N HCI to remove an inhibitor of aldehyde dehydrogenase which interfered with the assays. The concentration of glyceraldehyde-3-phosphate prepared by this procedure was determined with commercial glyceraldehyde-3-phosphate dehydrogenase.
Enzyme isolation. All steps were performed at 0 to 5°C. Bacteroids were prepared anaerobically from 40 g of frozen nodules as described above except that the wash buffer was 50 mM TES-KOH (pH 8.2). The final pellet was suspended with 10 ml of 100 mM TES-KOH (pH 8.2)-i mM Na2S204. Four aliquots (under Ar flush) were each sonicated 12 times for 30 s at 90 to 100 W with the small probe of a Braunsonic model no. 1510 Sonifier. The sonication tubes were sealed and centrifuged for 90 min at 17,000 x g. All subsequent steps were performed aerobically. Supernatants were pooled and applied to a Sephadex G-150 column (2.2 by 52 cm). The buffer was 10 mM TES-KOH (pH 7.5)-1 mM DTT-1 mM NAD+ (Sigma type III). Fractions (3.7 ml, no. 25 to 33) containing aldehyde dehydrogenase were frozen and stored at -80°C. Thawed enzyme was then applied to a DEAE-Sephacel column (1.5 by 15 cm). The buffer was the same as that used for the Sephadex G-150 column. A linear KCI gradient eluted aldehyde dehydrogenase activity. Enzyme was isolated from free-living R. japonicum strain 61A76 by similar methods. Bacteria were harvested from 7 liters of culture medium by centrifugation and washed twice with 50 mM TES-KOH (pH 7.5), and the final pellet was frozen and stored at -80°C. The pellet was thawed in 7 ml of the same buffer (1 mM with DTT). The suspension was sonicated 20 times for 15 s at 140 to 150 W with the medium-size probe. All subsequent steps were the same as for the enzyme from bacteroids.
Assays for protein and DTT. Bacterial protein was measured by Lowry's method (18) for insoluble proteins after trichloroacetic acid precipitation. Soluble protein was measured by the Potty modification (21) of the Lowry technique (18) . This modification corrects for extraneous reducing compounds (usually phenolics) by using a reagent control lacking copper. The modification also corrects for interference by DTT, which was a component of the isolation buffer. The protein standard in all measurements was defatted bovine serum albumin.
The protein assay lacking copper was used to deter- Identification and determination of acetate. An enzymatic assay confirmed that acetate was the product of acetaldehyde oxidation. Standard reaction mixtures containing 0.2 mM acetaldehyde were run to completion, and acetaldehyde conversion was estimated from total NAD+ reduction. An aliquot was removed, and acetate content was measured by an enzymatic method (12) that results in the reduction of NAD+ as an indicator of acetate. The reaction depends on the conversion of acetate to acetyl-CoA by acetyl-CoA synthetase. The reaction components, lacking this enzyme, were mixed, and the mixture was checked for NAD+ reduction. Acetyl-CoA synthetase was then added. A stoichiometric conversion of putative acetate equivalents to NADH equivalents and a dependence on the presence of acetyl-CoA synthetase were taken as indicators of acetate.
RESULTS
Preparation of aldehyde dehydrogenase from soybean bacteroids. Aldehyde dehydrogenase was prepared in two steps with column chromatography on Sephadex G-150 and DEAE-Sephacel (Table 1) . Two major peaks of aldehyde dehydrogenase activity eluted from the DEAE column. For convenience, these are labeled I and II in the order of their elution. Aldehyde dehydrogenase I, which was studied in the greatest detail, was free of NADH oxidase (data not presented) and alcohol dehydrogenase ( (Fig. 1, 3 , and 4). Therefore high levels of NAD+ are not required to maintain active aldehyde dehydrogenase I.
We examined the possibilities that the two peaks of enzyme activity are artifacts caused by NAD+ elution or pH shifts on the DEAE columns. Bacteroid aldehyde dehydrogenase I was chromatographed on a Bio-Gel P-6 column equilibrated with buffer (10 mM TES-KOH, pH 7.5) containing 10 mM DTT and no NAD+. NAD+ and KCI were eliminated by the chromatography. The enzyme was rechromatographed on a DEAE column as in Fig. 3 , with the buffer containing only 10 mM DTT. One major peak a The enzyme was partially purified as described in the text. All enzyme incubations were at 0 to 5°C. Enzyme assays were performed at 26°C. In each experiment, the control was assayed immediately after thawing the enzyme. NAD+ stock solution was brought to pH 7.5 with KOH and NaOH in experiments 1 and 2, respectively. All values are averages of duplicates. b Calculated from the initial rate in the assay and the maximum rate observed (when linearity was achieved).
Calculated from the maximum rates observed. These should be considered apparent values since the time before the maximum rate was observed in the assay varied greatly (0 to 22 min) between treatments. Generally, the time before the maximum rate was observed was positively correlated with the percent increase in activity during the assay.
corresponding to aldehyde dehydrogenase I was observed with only a very small peak at the elution position of aldehyde dehydrogenase II. A control experiment with 1 mM NAD+ and 1 mM DTT in the buffers gave a DEAE profile essentially the same as in Fig. 3 . We have also chromatographed bacteroid aldehyde dehydrogenase on DEAE-Sephacel with the buffer concentration increased fourfold (40 mM). Two major peaks of activity eluted (data not presented Table 2 ). The enzyme activated by NAD+ and DTT also had more activity after long-term storage ( Table 2) , showing that these factors also stabilized the enzyme. The bacteroids probably contain NAD+ and NADH. Since the oxygen concentration inside the nodule is very low, conditions inside the bacteroids are probably quite reducing. It is likely, therefore, that aldehyde dehydrogenase I is the active form in vivo. This form of the enzyme was studied in detail.
Kinetic properties of bacteroid aldehyde dehydrogenase. Aldehyde dehydrogenase I required the presence of a monovalent cation for activity. When potassium ion was removed by chromatography on a Bio-Gel P-6 column equilibrated with imidazole hydrochloride buffer (10 mM, pH 7.5), the enzyme rapidly lost activity. Such enzyme was inactive when assayed with the same buffer (50 mM) but was active in the presence of KCI or NH4C1. The standard assay contained 24 mM K+. Increasing the K+ concentration to 50 mM with KCI gave only a 10% increase in activity.
The pH optimum of aldehyde dehydrogenase I was between 7.5 and 8.5. Activity decreased rapidly on either side of that range (data not presented). The enzyme lost activity rapidly at pH 8.5 and 9.0 in Tris and at pH 9.5 in TAPS.
Several compounds were tested for their ability to accept electrons from aldehyde dehydrogenase I. NAD+ and NADP+ served as electron acceptors. With the most active enzyme prepared in the absence of NAD+, the rate of NADP+ reduction was about 15% of the rate of NAD+ reduction. The enzymatic assay for acetate (see above) showed that acetate was the coproduct in the reduction of NAD+. Oxygen was not an acceptor, and flavin adenine dinucleotide and flavin mononucleotide (tested anaerobically) were not reduced.
Several aldehydes were substrates, with the Km decreasing with increasing carbon chain length for linear molecules (Table 3) . Succinic semialdehyde and benzaldehyde were effective substrates. Pyruvaldehyde and glyceraldehyde-3-phosphate were slowly oxidized at 2.0 mM. Glyoxylate and hypoxanthine were not substrates. Acetaldehyde, propionaldehyde, butyraldehyde, benzaldehyde, succinic semialdehyde, pyruvaldehyde, and glyoxylate all support acetylene reduction and respiration by isolated bacteroids (20) . Since glyoxylate is not a substrate of aldehyde dehydrogenase, its effects on bacteroids must be through another enzyme system. Hypoxanthine had no effect on acetylene reduction by bacteroids. The lack of activity with hypoxanthine supports our earlier suggestion (20) that aldehydes are not oxidized via a xanthine oxidase or xanthine dehydrogenase. Although glyceraldehyde-3-phosphate dehydrogenase activity could not be detected in the preparation, glyceraldehyde-3-phosphate supported NAD+ reduction by aldehyde dehydrogenase I.
AMP, ADP, and ATP (all 1 mM) inhibited the enzyme 21, 45, and 50%, respectively. The effects of ADP and ATP were largely overcome by the addition of MgCl2. Ethanol, acetate, and PEP (all 1 mM) had no detectable effect on enzyme activity. CNP is a substrate for various aldehyde-oxidizing enzymes (16) and was used in studies with bacteroids (see below). CNP (2 mM) inhibited bacteroid aldehyde dehydrogenases I and II 37 and 30%, respectively. Metronidazole and NaN3 were also tested for effects on bacteroids. They had no detectable effect on either enzyme when tested at 0.2 and 10 mM, respectively.
Aldehyde dehydrogenase from free-living bacteria. Aldehyde dehydrogenase was isolated from free-living R. japonicum 61A76 grown with n-butanol as the carbon source. The enzyme was partially purified by the same method used for bacteroid enzymes (see above and Table 1 ). The aldehyde dehydrogenase activity separated by DEAE-Sephacel (Fig. 4) was very similar to that obtained with the bacteroid enzyme (cf. Fig. 1  and 4) . The kinetic properties of aldehyde dehydrogenase I from R. japonicum 61A76 were also very similar (Table 3) .
Effects of aldehydes on respiration in free-living bacteria. The effect of acetaldehyde on 02 Uptake was determined with R. japonicum 61A76 grown on mannitol or n-butanol (Table 4) . Acetaldehyde supported 02 uptake by cells grown on either carbon compound. Stimulations were greater than those observed with succinate, which contrasts with results obtained with isolated bacteroids (20) . However, the bacteroids had been obtained with a commercial mixed inoculum. Surprisingly, mannitol did not stimulate 02 uptake (Table 4) . Controls with acetate showed that the stimulation by acetaldehyde was not due to nonenzymatic oxidation of acetaldehyde to acetate, which occurs spontaneously at a slow rate.
Effects of inhibitors on bacteroid acetylene reduction and respiration. CNP inhibits bacteroid aldehyde dehydrogenase, whereas metronidazole has no effect on the enzyme (data presented above). Nitrogenase (C2H2 reduction) activity and respiration by bacteroids were measured in the presence of these compounds. CNP inhibited acetylene reduction supported by endogenous metabolites and by added acetaldehyde (Fig. 5 and 6 ). Acetylene reduction was decreased with no detectable shift in 02 optimum. The 02 optimum is most probably an indicator of respiration rate since compounds stimulating 02 uptake also increase the 02 optimum (20) . Therefore, CNP probably reduces electron flow to nitrogenase but not to oxidative phosphorylation. The effects of metronidazole on bacteroid acetylene reduction were essentially the same as the effects of CNP (cf. Fig. 6 and 7) . CNP and metronidazole, therefore, appear to inhibit in a similar fashion.
CNP and metronidazole had no noticeable effect on bacteroid respiration supported by endogenous substrate, organic acids, or aldehydes (Table 5 ). The bacteroids had been equilibrated with air to destroy nitrogenase activity. Hydroxylamine, cyanide, and azide are commonly used inhibitors of cytochrome oxidase and inhibit soybean bacteroid 02 uptake (10) . Hydroxylamine and cyanide, however, are known to react with acetaldehyde (31) and did cause a rapid loss of acetaldehyde (detected in the gas chromatography assay for ethylene) from the bacteroid assay buffer. CNP, metronidazole, and NaN3 had no such effect. NaN3 reduced the level of aldehyde-dependent respi- ration (Table 5 ) but did not inhibit aldehyde dehydrogenase activity.
DISCUSSION
Acetaldehyde and ethanol, products of nodule plant cell fermentative metabolism (Tajima and LaRue, in press), stimulate acetylene reduction and 02 consumption by soybean bacteroids (20) . We have examined the use of acetaldehyde by bacteroids and by free-living R. japonicum. An aldehyde dehydrogenase (EC 1.2.1.3) was found in bacteroids and free-living R. japonicum. Aldehydes which are substrates for the enzyme also support nitrogenase activity and 02 consumption by whole bacteroids. Estimates of the in vivo aldehyde dehydrogenase level can be made from in vitro levels, and the capacity to provide reductant to nitrogenase can be calculated. Crude aldehyde dehydrogenase had a specific activity of 0.012 U/mg of protein (Table 1) .
Bacteroid acetylene reduction was increased by 75 nmol/h with the addition of 2.3 mM acetaldehyde (Fig. 6) . In this experiment, the bacteroids contained 1.43 mg of protein. The specific activity of the increase in acetylene reduction was calculated to be 0.0008 U/mg of protein. NAD+ and C2H2 reductions both require two electrons. Therefore, the enzyme has 15-fold the capacity needed to account for the aldehyde-stimulated acetylene reduction (Fig. 6) , assuming electrons were directed to nitrogenase. Properties of the enzyme therefore suggest that it is responsible for metabolism of at least a major portion of added aldehyde.
The enzyme occurs in free-living R. japonicum 61A76 grown on butanol. 02 uptake by both mannitol-and butanol-grown cells was markedly promoted by acetaldehyde. These cells were grown aerobically and lacked detectable nitrogenase activity. This indicates that the enzyme has a role in free-living rhizobia, and thus, its presence in bacteroids is not definitive evidence that the bacteroids obtain ethanol or acetaldehyde from the host.
The stability and kinetic properties of the bacteroid aldehyde dehydrogenase are similar to those of that enzyme from other bacteria. It closely resembles the enzyme from Pseudomonas aeruginosa (11, 32 (Table 2 ) occurs in minutes, whereas during storage at 0 to 5°C, the process is longer ( Table 2 ). The enzyme isolation buffer contained 1 mM DTT, and so the experiments did not define differences between the effects of DTT and NAD+ or NADH. The results suggest, however, that these compounds activate by altering enzyme forms, possibly converting inactive enzyme to active enzyme. The enzyme is apparently more stable in the activated form. Catalysis obviously involves NAD+ and NADH. With the mammalian enzyme, the catalytic mechanism is also known to involve a thiol group (5, 6, 26) . The alteration of enzyme forms may therefore involve the active site of the enzyme. A similar activation (during assays) of Escherichia coli CoA-linked aldehyde dehydrogenase by NAD+ and P-mercaptoethanol has been reported (23) . The site of NAD+ activation of the E. coli enzyme is separate from the catalytic site (25) . Little is known of the partitioning of electrons between nitrogenase and oxidative phosphorylation in bacteroids. Evidence from this laboratory (20) indicated that the oxidation of aldehydes the same effect as CNP on acetylene reduction and respiration by bacteroids. Azide, a terminal oxidase inhibitor, inhibited aldehyde-and organic acid-stimulated 02 uptake. The data suggest that the aldehyde dehydrogenase described here supplies the majority of its reducing equivalents to nitrogenase. Our data also indicated another aldehydeoxidizing system in bacteroids. Respiration uses NADH, a product of the soluble aldehyde dehydrogenase reaction shown here to be inhibited by CNP. Azide inhibited aldehyde-stimulated respiration, whereas CNP did not inhibit it. The presence of another aldehyde-oxidizing system supplying reducing equivalents to 02 uptake is therefore likely. The second enzyme system might have a higher affinity for acetaldehyde because CNP did not cause significant inhibition of 02 uptake. The proposed routes of electron flow are summarized in Fig. 8 .
CNP also inhibited acetylene reduction by bacteroids using endogenous carbon compounds. Again, there was no detectable shift in the 02 optimum. This result suggests a role of aldehyde dehydrogenase in the metabolism of endogenous carbon, presumably as the reductant for nitrogenase.
We could not detect aldehyde-dependent nitrogenase activity in crude bacteroid extracts (unpublished data). The extracts were chromatographed anaerobically (to maintain nitrogenase activity) on a Bio-Gel P-6 column. The chromatography separated proteins from small molecules [including NAD(P)+]. It therefore appears that NAD+ or NADP+ or both mediate electron flow from aldehyde dehydrogenase to nitrogenase. NADH or NADPH will not reduce nitrogenase directly; ferredoxins and flavodoxins have been implicated as the immediate electron carriers to nitrogenase in aerobic bacteria (2, 4, 13) . Their redox potentials are -480 mV (pH 7.5) for the bacteroid ferredoxin (4) and -490 mV (pH 8.2) for Azotobacter flavodoxin hydroquinone/semiquinone (1). It is difficult to understand how NAD(P)H could provide reductant for these carriers, since the NAD(P)H-NAD(P)+ couple at pH 7.0 has a midpoint potential of -320 mV (17) . The low redox po-
